Abstract. Renal cell carcinoma is the most frequent kidney malignancy and patients with metastatic disease have a poor prognosis. Suppressed apoptosis and marked invasiveness are distinctive features of renal cell carcinoma. In the present study, a dual-regulated oncolytic adenovirus expressing the interluekin (IL)-24 gene (Ki67-ZD55-IL-24) was constructed utilizing the Ki67 promoter to replace the native viral promoter of the E1A gene. Whether the combination of Ki67-ZD55-IL-24-mediated gene virotherapy and radiotherapy produced increased cytotoxicity in renal cell carcinoma cells via mitochondrial apoptotic cell death was investigated. The data indicated that this novel strategy has the potential to be further developed into an effective approach to treat renal cell carcinoma. The results showed that the combination of Ki67-ZD55-IL-24 and radiotherapy significantly enhanced anti-tumour activity via increasing the induction of apoptosis in melanoma cells compared with the other agents.
Introduction
Renal cell carcinoma (RCC) is the most frequent kidney malignancy and patients with metastatic RCC have a poor prognosis (1) . In the United States, RCC is diagnosed in ~51,000 patients each year (2) . If the disease is detected at an early stage, a large portion of the kidney or the entire organ may be removed, and prolonged patient survival may be achieved (3) . However, if the disease has spread beyond the capsule of the kidney into the adrenal gland or surrounding fascia with nodal involvement, the prognosis is poor with rapid progression. In addition, RCC is frequently characterized as highly refractory to multiple established cytotoxic radiotherapy and chemotherapy regimens.
Previous data have suggested that interleukin 24 (IL-24) is a promising candidate for cancer gene therapy (4) . has been demonstrated to suppress growth and induce apoptosis in a wide range of human cancer types without apparent cytotoxicity to normal cells (4) . Recent studies have shown that IL-24 radiosensitizes various cancer cells, including non-small cell lung carcinoma, renal carcinoma and malignant glioma cells (5) .
Ki-67 is an established proliferation mediator and is used extensively to estimate the proliferation fraction of tumors (6) . The Ki67 labeling index is an independent predictor of disease progression and recurrence in carcinomas, and also is used as a grade index and prognostic marker. The Ki-67 gene promoter is a tumor-selective promoter with the desired specificity and efficiency to further restrict transgene expression in tumor cells and improve the targeting of gene therapy (7) .
Oncolytic adenoviruses are a novel class of therapeutic agent in cancer treatment. A previous study observed that the E1B 55-kDa gene-defective oncolytic adenovirus ZD55 not only efficiently infected, replicated in and lysed tumor cells, but also amplified IL-24 gene expression levels. Furthermore, the increased expression levels of IL-24 in the tumor microenvironment did not affect adjacent normal cells (8) .
One strategy to achieve the desired tumor selectivity is the employment of tumor-specific transcriptional response elements (promoters) to regulate the expression levels of early viral genes that are critical for replication, such as E1A. These are required to transactivate other adenoviral genes (9) . Promising tumor-selective promoters may restrict the sites of viral replication and the expression of therapeutic transgenes. Therefore, the selection of specific promoters with tight regulation is important.
T hese re cent st ud ies prompt e d t he development of a hypothesis speculating that a combination of a Ki67 promoter-controlled oncolytic adenovirus (Ki67-ZD55-IL-24) and radiation therapy may produce an enhanced antitumor effect against RCC cells compared with the effect of either agent used alone, which was investigated in the present study. supplemented with 10% heat-inactivated fetal bovine serum (Gibco-BRL), 4 mM glutamine, 50 U/ml penicillin and 50 µg/ml streptomycin at 37˚C in a humidified atmosphere with 5% CO 2 . The cells were screened routinely to verify the lack of mycoplasma contamination for use in the long phase of growth. The recombinant adenoviruses used in the present study, including Ki67 promoter-controlled ZD55 carrying IL-24 (Ki67-ZD55-IL-24), Ki67 promoter-controlled ZD55 (Ki67-ZD55) and ZD55 carrying IL-24 (ZD55-IL-24), have been previously described (8, 10) . The Ki67 promoter used in the present study was previously constructed (11) . The viral plaques were observed 9-12 days after transient transfection. These recombinant adenoviruses were verified by reverse transcription-polymerase chain reaction (RT-PCR). Viruses were plaque-purified and propagated in HEK293 cells, and functional plaque-forming unit (PFU) titers were determined by a plaque assay using an Adeno-XTM Rapid Titer kit (Clontech Laboratories, Palo Alto, CA, USA) in HEK293 cells. The PFU titers of the adenoviruses were found to be 3.5x10
10 PFU/ml.
Radiation. An X-irradiator (Model X.S.S.205 FZ; Hangzhou Jiancheng Trade Co. Ltd., Hangzhou, China) was used in the present study. The dose rate was 0.287 Gy/min with 200 kV/10 mA using 0.5-mm-thick Cu/0.5-mm-thick Al filters, and the distance between the X-ray source and target was 56 cm. The renal cancer cells were irradiated with 0.5-6 Gy ionizing radiation using a 137 Cs g-irradiation source 48 h after viral treatment.
Immunocytochemical staining. Ketr-3 and 786-O cells were fixed with 4% paraformaldehyde onto glass coverslips. Subsequent to washing with phosphate-buffered saline (PBS), the cells were incubated with anti-Ki67 monocloncal mouse antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 24 h and then incubated with a horseradish peroxidase-conjugated goat anti-rabbit monoclonal secondary antibody (ZSGB-BIO, Beijing, China) for 1 h followed by colorimetric detection using diaminobezidine (Sigma-Aldrich, St. Louis. MO, USA). For evaluation of the Ki67-positive fraction, at least 200 cells were counted using a microscope (CH-2 CHT; Olympus, Tokyo, Japan) in six regions and the mean number was determined.
Cell viability assay. Ketr-3 and 786-O cells were plated at a density of 10 5 cells/6 cm dish and treated with radiation alone (5 Gy or 10 Gy), ZD55-IL-24 alone [0, 0.1, 1, 10 or 100 multiplicity of infection (MOI)], ZD55-IL-24 plus radiation, Ki67-ZD55-IL-24 alone (0, 0.1, 1, 10 or 100 MOI) or Ki67-ZD55-IL-24 plus radiation at the indicated dosages. Subsequent to treatment for four days with the indicated doses, cell survival rates were evaluated by standard MTT assay (Sigma-Aldrich) according the manufacturer's instructions.
Four replicate wells were examined per assay and each experiment was repeated three times.
Apoptotic cell staining. Ketr-3 and 786-O cells were seeded in flat-bottomed 6-well plates and were treated with Ki67-ZD55-IL-24, ZD55-IL-24 or the two agents combined. Untreated cells served as controls. After 48 h treatment, the cells were incubated with Hoechst 33258 (Nanjing Keygen Biotech, Nanjing, China) for 10 min, washed with PBS twice and observed under a fluorescence microscope (Nikon, Midori, Japan).
Evaluation of apoptosis. Apoptosis was determined by staining cells with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) using an Annexin V-FITC apoptosis detection kit (BD Pharmingen, San Diego, CA, USA). The cells were treated with Ki67-ZD55-IL-24, ZD55-IL-24 or the two agents combined for 96 h, and then harvested and washed twice with cold PBS. The prepared cells were resuspended in binding buffer (containing 10 mM HEPES/NaOH (pH 7.4), 140 mM NaCl and 2.5 mM CaCl 2 ) at a concentration of 1x10 6 cells per ml. Subsequently, 5 ml Annexin V-FITC (BD Pharmingen) and 5 ml PI were added to these cells, which were analyzed by FACStar flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Western blot analysis. The cells were harvested from the plates and aliquots of cell extracts were separated on a 12% SDS-polyacrylamide gel. The proteins were then transferred to a nitrocellulose membrane and incubated overnight at 4˚C with the following rabbit polyclonal antibodies: Anti-IL-24 (Gen Hunter C-corporation, Nashville, TN, USA), anti-caspase-3, anti-caspase-8, anti-Bcl-2, anti-Bax, anti-Mcl-1 (Cell Signaling Technology, Inc., Beverly, MA, USA), anti-β-actin and anti-E1A (Santa Cruz Biotechnology). The membranes were then washed and incubated with alkaline phosphatase-conjugated goat anti-rabbit monoclonal secondary antibodies (ZSGB-BIO) in Tris-buffered saline and Tween-20 for 2 h and developed using nitro blue tetr azolium/5-bromo-4-chloro-3-indolyl-phosphate color substrate (Promega Corporation, Madison, WI, USA). The bands on the membrane were scanned and their density was analyzed with an Image-J analyzer (LabWorks Software; UVP, Upland, CA, USA).
Statistical analysis. Data are expressed as the mean ± standard deviation, and were analyzed by statistical software (SPSS Base 17.0 for Windows; SPSS, Inc., Chicago, IL, USA) using independent sample Student's t-test and analysis of variance, as appropriate. P<0.05 was considered to indicate a statistically significant difference. 
Results

Ki67 protein is overexpressed in tumor sections
Ki67-ZD55-IL-24 combined with radiotherapy results in loss of cell viability.
To investigate whether Ki67-ZD55-IL-24 in combination with radiotherapy inhibits the proliferation of renal cancer cells, the cells were plated in 96-well plates and treated with 5 or 10 Gy radiotherapy alone, ZD55-IL-24 alone, Ki67-ZD55-IL-24 (0, 0.1, 1, 10 or 100 MOI) alone, ZD55-IL-24 plus radiation or Ki67-ZD55-IL-24 plus radiation. Four days following treatment, cell viability was determined by an MTT assay. As shown in Fig. 2 , the combinatorial treatments resulted in enhanced inhibition of Ketr-3 and 786-O cell proliferation in a dose-dependent manner. In addition, for each concentration examined, treatment with Ki67-ZD55-IL-24 plus radiotherapy resulted in significantly greater inhibition than that of either Ki67-ZD55-IL-24 or ZD55-IL-24 treatment alone (P<0.05).
Differences in cell apoptotic staining detected following ZD55-IL-24 and radiotherapy treatment in renal cancer
cells. Ketr-3 and 786-O cells treated with radiation alone, virus alone, and the combination of radiation and the virus were observed, using Hoechst 33258 staining, to be markedly different in cellular and nuclear morphology, such as DNA fragmentation and chromatin condensation, compared with control (Fig. 3) .
Ki67-ZD55-IL-24 and radiotherapy contribute to apoptosis in renal cancer cells.
To analyze whether the enhanced cytotoxicity resulting from Ki67-ZD55-IL-24 and radiotherapy treatment was due to increased apoptosis, the apoptotic changes in Ketr-3 and 786-O cells were examined following different treatment schemes at an MOI of 10 for 96 h. Enhanced permeability of the cellular membrane, an early sign of apoptosis, was assessed by flow cytometric analysis using Annexin V-FITC staining. After 96 h treatment, the radiotherapy alone and ZD55-IL-24, Ki67-ZD55-IL-24 and ZD55-IL-24 plus radiotherapy treatments caused 12.49, 7.45, 8.67 and 51.25% Ketr-3 cells respectively to lose membrane integrity. The Ki67-ZD55-IL-24 in combination with radiotherapy treatment resulted in 98.93% of Ketr-3 cells to lose membrane integrity, which was significant (P<0.05; Fig. 4) . A similar result was observed in 786-O cells.
Ki67 promoter-controlled oncolytic adenoviruses induce efficient delivery of IL-24 in renal cancer cells. IL-24 protein levels were determined by western blotting. After 48 h treatment, IL-24 was stably overexpressed in 786-O and Ketr-3 cells and no discernible difference in IL-24 expression levels was observed in cells treated with either Ki67-ZD55-IL-24 alone or Ki67-ZD55-IL-24 plus radiotherapy (Fig. 5) , demonstrating that Ki67-ZD55 mediated a high and stable expression level of IL-24, and that radiotherapy did not affect IL-24 expression levels. Furthermore, similar expression levels of the adenoviral E1A protein were detected in Ki67-ZD55-IL-24-infected cells with or without radiotherapy (Fig. 5) , indicating that Ki67 promoter-controlled oncolytic adenoviruses replicated productively in renal cancer cells and that radiotherapy did not attenuate the replicative ability of the virus.
Ki67-ZD55-IL-24 sensitizes renal cancer cells to radiotherapy via mitochondrial apoptotic cell death.
To elucidate the mechanism underlying the apoptosis observed following combination treatment, the levels of proteins in the mitochondrial apoptotic pathway were monitored by western blotting following treatment of Ketr-3 and 786-O cells with radiation alone, virus alone, or a combination of radiation and the virus. Bcl-2 and Mcl-1 levels were observed to be decreased following Ki67-ZD55-IL-24 treatment alone, but were further reduced when Ki67-ZD55-IL-24 was administered in combination with radiotherapy (Fig. 6 ). In addition, the administration of either PBS or ZD55-IL-24 alone did not significantly increase Bax expression levels, whereas Ki67-ZD55-IL-24 or Ki67-ZD55-IL-24 plus radiotherapy did. Accordingly, pro-caspase-3 and pro-caspase-8 were significantly reduced in the combined treatment groups (Fig. 6 ).
Discussion
In recent years, therapeutic regimens combining radiation with oncolytic adenoviruses have demonstrated great potential in cancer treatment. An E1B 55 kDa-deleted conditionally replicated adenovirus, ONYX-015, has been observed to potentiate radiation therapy, resulting in several pre-clinical studies analyzing the value of combining the two treatments (12) . Several specific types of oncolytic adenovirus administered in combination with radiotherapy have been observed to exhibit greater antitumor effects than treatment with either therapy alone (13) (14) (15) .
Oncolytic adenoviruses offer certain advantages over conventional cancer therapy and are a promising novel approach for human cancer treatment. One strategy to achieve the desired tumor selectivity is the use of tumor-specific transcriptional response elements (promoters) to mediate the expression levels of early virus genes essential for replication, such as E1A, which are required to transactivate the other adenoviral genes (9).
Tumor-selective promoters regulate the expression levels of viral genes in tumor cells but not in normal cells, thus the adenovirus selectively replicates in the tumor cells and kills these cells (16) .
Ki67 has been selected as a potential target in cancer gene therapy, as this promoter is present in the majority of malignant cells but only marginally detected in the majority of normal cells. Furthermore Ki67 expression is associated with cell proliferation. In addition, IL-24 is a good candidate for sensitizing tumor cells to radiotherapy without exacerbating toxicity, due to tumor-specific anti-angiogenic, pro-apoptotic and growth-inhibitory activities (17) (18) (19) . A novel oncolytic adenovirus with E1A gene controlled by Ki67 promoter has been constructed, expressing the IL-24 gene (10) . The Ki67 promoter is a potent controlling element of E1A. In the present study, the specific antitumor effects of Ki67 promoter controlled oncolytic adenoviruses expressing IL-24 were analyzed in human renal carcinoma cells.
Western blot analysis confirmed higher expression levels of E1A and IL-24 proteins in cells treated with either oncolytic adenoviruses or oncolytic adenoviruses plus radiotherapy. These results indicated that the oncolytic adenoviruses efficiently replicated in the renal carcinoma cells and that radiotherapy did not significantly affect IL-24 expression levels. Consistent with the finding that oncolytic adenoviruses have a selective ability to replicate in tumor cells, the MTT assay revealed that the administration of Ki67 promoter-controlled oncolytic adenoviruses plus radiotherapy specifically induced cytopathic effects in renal carcinoma cells.
To further elucidate the mechanism of Ki67-ZD55-IL-24 and radiotherapy-induced cell death, the effect of Ki67-ZD55-IL-24, with and without radiotherapy, on the levels of Bcl-2, Bax, caspase-8 and caspase-3 proteins was determined by western blotting in renal carcinoma cells. Ki67-ZD55-IL-24 administered in combination with radiotherapy markedly reduced Bcl-2 and MCL-1 levels, significantly increased Bax levels, and induced an evidently greater activation of caspase-8 and caspase-3. These results suggest that treatment with Ki67-ZD55-IL-24 combined with radiotherapy induced changes in the levels and ratio of pro-apoptotic to anti-apoptotic proteins in renal carcinoma cells.
In conclusion, these results demonstrated that Ki67 promoter-controlled oncolytic adenovirus expressing IL-24, in combination with radiotherapy, may provide a novel and effective approach in the treatment of renal cell carcinoma.
